EOS7CA is a TOUGH2 module for mixtures of a non-condensible gas (NCG) and air with or without a gas tracer, an aqueous phase, and water vapor. The user can select the NCG as being CO 2 , N 2 , or CH 4 . EOS7CA uses a cubic equation of state with a multiphase version of Darcy's Law to model flow and transport of gas and aqueous phase mixtures over a range of pressures and temperatures appropriate to shallow subsurface porous media systems. The limitation to shallow systems arises from the use of Henry's Law for gas solubility which is appropriate for low pressures but begins to over-predict solubility starting at pressures greater than approximately 1 MPa (10 bar). The components modeled in EOS7CA are water, brine, NCG, gas tracer, air, and optional heat. The real gas properties module (ZEVCA) has options for Peng-Robinson, Redlich-Kwong, or Soave-Redlich-Kwong equations of state to calculate gas mixture density, enthalpy departure, and viscosity. Transport of the gaseous and dissolved components is by advection and Fickian molecular diffusion. This user guide provides instructions for use and two sample problems as verification and demonstration of EOS7CA. 
List of
Rev. 1.0
Introduction
The shallow subsurface is potentially vulnerable to impacts from carbon dioxide (CO 2 ) leakage up wellbores or permeable faults and fractures from geologic carbon sequestration sites.
In addition, methane (CH 4 ) from deep sources or buried pipelines may migrate within the shallow subsurface. The need to evaluate the flow and transport of leaking CO 2 in the shallow subsurface prompted the development of the simulation capabilities provided in TOUGH2/EOS7CA. These capabilities for CO 2 were then extended to include the choice between CO 2 , N 2 , or CH 4 as the NCG component that is modeled along with air which is always present.
EOS7CA is related to a series of modules derived from the EOS3 module as shown in Table 1 .
The starting point for development of EOS7CA was the radionuclide transport module EOS7R (Oldenburg and Pruess, 1995; Pruess et al., 1999; 2011) , to which we added capabilities for modeling real gas mixtures such as CO 2 and air. This report describes EOS7CA, the TOUGH2 module for simulating CO 2 (or N 2 or CH 4 ) and air mixing processes in shallow subsurface porous media systems. Applications of early versions of EOS7CA were published in Oldenburg and Unger (2003) , Oldenburg et al. (2010a,b) , and Lewicki et al. (2009) . The sample problems and input format descriptions in the present report along with the TOUGH2 User's Guide (Pruess et al., 1999; 2011) provide sufficient information for using EOS7CA. EOS7C (Oldenburg et al., 2004 ) is very similar to EOS7CA, except that it models methane (CH 4 ) instead of air, and it has a solubility model that is accurate for deep (high pressure) systems whereas the solubility model in EOS7CA is limited to shallow (low pressure) systems.
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Mathematical Formulation

General
The general conservation equations solved in TOUGH2 for simulating multicomponent and multiphase flow and transport in porous media are presented in Pruess et al. (1999; 2011) along with a complete description of the theory and use of TOUGH2. In this report, we describe EOS7CA and its specific methods and capabilities for modeling two phases and five components plus heat in shallow subsurface systems. Table 2 shows the symbols and index numbers for the phases and components in EOS7CA. The non-condensible gas (NCG) can be chosen by the user as either carbon dioxide (CO 2 ), nitrogen (N 2 ), or methane (CH 4 ) (see input parameter IE(16)).
Accurate density, viscosity, and enthalpy of the gas mixtures are included in EOS7CA through the use of a real gas properties module ZEVCA as described below.
Rev. 1.0 Table 2 . Phases and components in EOS7CA (NCG = non-condensible gas).
Phases ()
Components () 1 -gas (g) 1 -water 2 -brine 3 -NCG 4 -tracer 5 -air 2 -aqueous (w) 1 -water 2 -brine 3 -NCG 4 -tracer 5 -air
Real Gas Mixture Properties
Density EOS7CA makes use of a set of subroutines contained within a submodule called ZEVCA where ZEV stands for Z factor, Enthalpy, and Viscosity, and CA indicates use with EOS7CA. These subroutines are independently implemented in WebGasEOS, a publicly available webtool (Reagan, 2006 ; http://esdtools.lbl.gov/gaseos/gaseos.html). ZEVCA calculates properties of real gas mixtures using cubic equations of state, so-named because the volume terms are raised to either the first, second, or third power (Reid et al., 1987) . The most common two-parameter equations of state can be written as
where the parameters and functions u, w, b, and a take on different values depending on the particular cubic equation of state being used, and T is in degrees K. Other symbols are defined in Nomenclature. Depending on user input (see input parameter IE(15)), EOS7CA can invoke Peng-Robinson, Redlich-Kwong, or Soave-Redlich-Kwong cubic equations of state. Readers interested in details of equations of state should consult Reid et al. (1987) and Poling et al. (2000) for more information.
The approach taken in EOS7CA is to use the equation of state to calculate the Z factor of the mixture, where
From this value, the density of the gas mixture can be calculated using
where the molecular weight (MW) is the molecular weight of the real gas mixture.
Enthalpy
Real-gas mixtures depart from ideality in ways that can be modeled with cubic equations of state. The enthalpy of the real-gas mixtures is calculated using an ideal gas value with an added enthalpy departure to account for real gas effects. In ZEVCA, we calculate enthalpy as
where (H -H ig ) is the enthalpy departure. ZEVCA uses cubic equations of state (e.g., PengRobinson) to calculate the enthalpy departures and ideal gas enthalpy change to come up with the total enthalpy change of the real gas mixture.
Standard TOUGH2 (Pruess et al., 1999; 2011) 
Viscosity
Another important transport property for gas flow and transport is the viscosity of the real gas mixture. ZEVCA uses the method of Chung et al. (1988) as described in Reid et al. (1987) and Poling et al. (2000) . This method is accurate to within 5-10% for the range of conditions expected in subsurface natural gas reservoirs.
Solubility of Gas Mixture Components
Solubility of the gas components (i) is modeled using Henry's Law, e.g., EOS7CA is accurate for low-pressure conditions (P < 10 bar or 1 MPa), but over predicts solubility at larger pressures.
Molecular Diffusion
EOS7CA v. 1.0 includes binary diffusion of the chemical components dissolved in aqueous and gas phases as discussed in the TOUGH2 User Guide (Pruess et al., 1999; 2011) .
TOUGH2 includes pressure and temperature effects on gas-phase diffusion. Specifically, molecular diffusivity is assumed to be inversely proportional to pressure (P) by the factor 1.0  10 5 /P (Pruess et al., 2011) . For example, if pressure is 2  10 5 Pa, the corresponding effective molecular diffusivity for the gas is one-half the input value which is referenced to 1.0  10 5 Pa.
This approach over-predicts diffusivity for CO 2 mixtures above approximately 20 bars (Poling et al., 2000, p. 11.16) , with a total overprediction of a factor of two at P = 100 bars. (Pruess et al., 2011) ). If molecular diffusivity is input as a negative number in TOUGH2, the absolute value of this number is used for the phase molecular diffusivity without modification by pressure or temperature or S and  (saturation and tortuosity)
Interested readers are referred to Pruess et al. (2011) , Appendix D, for further details.
Implementing Real Gas Components
As shown in EOS7CA is designed for two-phase conditions (i.e., gas and aqueous phases present) in the shallow subsurface and very limited testing has been done for single-phase conditions. In twophase conditions, vapor pressure is independent of salinity of the aqueous phase. As the brine component is nonvolatile, vaporization would tend to increase brine mass fractions in the aqueous phase beyond unity. Users need to be aware of this possibility, which arises from the fact that EOS7CA, like EOS7, represents the aqueous phase as a mixture of water and brine, not as a mixture of water and salt. Therefore, EOS7CA cannot be used for processes in which solubility limits would be reached, at which point solid salt would precipitate. The tracer 16
Rev. 1.0 component in EOS7CA does not affect gas properties and is expected to exist only in trace concentrations (e.g., mass fractions of order 10 -6 ). A summary of EOS7CA specifications is printed upon execution and is reproduced here in Fig. 1 .
Rev. 1.0 *********************************************************************************************************************************** * EOS7CA: EQUATION OF STATE FOR MIXTURES OF WATER/BRINE/NON-CONDENSIBLE GAS/TRACER/AIR * ********************************************************************************************************************************** 
THE NORMAL NUMBER OF SECONDARY PARAMETERS OTHER THAN MASS FRACTIONS IS 6 PER PHASE. IN EOS7CA, WE OPTIONALLY ADD TO THIS A SATURATION-DEPENDENT TORTUOSITY FOR EACH PHASE, AS WELL AS TEMPERATURE AND PRESSURE DEPENDENCE OF THE DIFFUSION
COEFFICIENT. *********************************************************************************************************************************** *********************************************************************************************************************************** Figure 1 . Self-documenting printout of key parameters for specifying components and phases in EOS7CA.
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THE PRIMARY VARIABLES ARE P -PRESSURE T -TEMPERATURE XB -BRINE MASS FRACTION XNCG -MASS FRACTION OF NON-CONDENSIBLE GAS
XTRC -MASS FRACTION OF VOLATILE TRACER S+10. -(GAS PHASE SATURATION + 10.) X -AIR MASS FRACTION IN GAS T -TEMPERATURE ****************************** ***************************************************************** * COMPONENTS * * FLUID PHASE CONDITION PRIMARY VARIABLES * ****************************** ***************************************************************** * * * * * # 1 -WATER * * SINGLE-PHASE GAS (#) P, XB, XNCG, XTRC, X, T * * * * * * # 2 -BRINE * * SINGLE-PHASE LIQUID (*) P, XB, XNCG, XTRC, X, T * * * * * * # 3 -NCG * * TWO-PHASE (*) P, XB, XNCG, XTRC, S+10., T * * * * * * # 4 -TRC * ***************************************************************** * * (#) XB, XNCG, XTRC AND X ARE MASS FRACTIONS IN THE GAS PHASE. * # 5 -AIR * (*) XB, XNCG, XTRC AND X ARE MASS FRACTIONS IN THE AQUEOUS PHASE. * * * # 6 -HEAT * * * *********************************************************************************************************************************** A GFortran Makefile is as follows:
The italics indicate the new program units of EOS7CA.
Input Formats
Below we describe the input formats for specifying EOS7CA-specific input. Other TOUGH2 input parameter formats are given in Pruess et al. (2011) . EOS7CA-specific input parameters are provided through the MULTI block, SELEC block and PARAM block. Rev. 1.0
Example Problems
SAM7CA1: Density, Viscosity, and Enthalpy of Real Gas Mixtures
In this section, we present results from a simple test problem designed to demonstrate the gas mixture property calculations of EOS7CA v. 1.0 through comparison of computed properties with independent reference values. The domain consists of six grid blocks arranged in two columns with three rows. The various conditions are shown in Table 4 .
The input file for SAM7C1 for NCG = CO 2 is shown in Figure 2 . A partial output file is shown in Figure 3 . Note the first three letters of the grid block name suggests the compositions in each grid block, while the last two numbers give the row and column, respectively. In Tables 5-13, we present a summary of the results and comparisons to standard reference values.
The first comparison we present is for density () and viscosity () of the NCG-air mixture at 20 o C and 1 and 10 bars (Tables 5-10 ). For brevity, we present in Tables 5-10 physical properties only for the end members and 50-50 mole fraction mixtures. We have included reference values either from the NIST Chemistry WebBook (NIST, 2013), or from WebGasEOS (Reagan, 2006) .
Note that the EOS7CA output file gives compositions in terms of mass fraction (X), whereas the compositions in the tables are specified in terms of mole fractions in the gas (x g ) phase for consistency with the reference sources. The conversions from mass fraction to mole fraction are given by the equations Rev. 1.0
.
Note further in Tables 5-13 that for these two-phase conditions with water present, there is a small amount of water vapor in the gas phase that is not present in the reference calculations. As shown in Tables 5-10 for CO 2 , N 2 , and CH 4 , EOS7CA approximates gas mixture properties very well.
In Tables 11-13 , we present comparisons of enthalpy calculations using the IE(14) = 1 option, i.e., SUPST for steam fraction and ZEVCA for CO 2 and air fractions. This approach appears to be acceptable as shown by comparing EOS7CA estimates against NIST Chemistry WebBook values.
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Rev. 1.0 Table 4 . SAM7CA1 gas mixture conditions. NCG can be selected as CO 2 , N 2 , or CH 4 . MULTI IE(15) = 2,3 use RK,SRK, resp. IE(16) = 1, 2, or 3 NCG is CO2, N2, or CH4, respectively. diffusivity data are input as follows: first row: water (gas, liq.) second row: brine (gas, liq.) third row: ncg (gas, liq.) fourth row: trc (gas, liq.) fifth row: ch4 (gas, liq.) DIFFU----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8
Two-Phase
ROCKS----1----*----2----*----3----*----4----*----5----*----6----*----7----*----
----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 5 6 2 8 START----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8 ----*----1 MOP: 123456789*123456789*1234 ---*----5----*----6----*----7----*----8 PARAM----1----*----2----*----3----*----4----*----5----*----6----*----7----*----
SELEC----1----*----2----*----3----*----4----*----5----*----6----*----7----*----
1.e-5 1.e-10 0.e-6
0.e-6 1.e-5
1.e-10 1.e-5
1.e-10 Rev. 1.0 
10.1000E+010.0000E+00 0.5000E+000.5000E+00-.1500E+01 AIR31 10.1000E+010.1000E+01 0.5000E+000.5000E+00-.2500E+01 CO212 10.1000E+010.1000E+01 0.5000E+000.1500E+01-.5000E+00 MIX22 10.1000E+010.0000E+00 0.5000E+000.1500E+01-.1500E+01 AIR32 10.1000E+010.1000E+01 0.5000E+000.1500E+01-.2500E+01
CONNE ENDCY----1----*----2----*----3----*----4----*----5----*----6----*----7----*----8
Figure 2. (continued). Input file for SAM7CA1CO2.
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SAM7CA2: CO 2 Injection into a Shallow Vadose Zone
Introduction
This test problem is prototypical of the kinds of injection and migration problems that EOS7CA
was designed to handle. The problem consists of a shallow vadose zone with a water table at a depth of approximately 3 m. We assume there is a horizontal injection well at a depth of approximately 2.4 m, and that the well is long enough that the flow domain can be approximated as a two-dimensional (2D) Cartesian slice transverse (perpendicular) to the well. This test problem is designed to model field experiments aimed at studying how CO 2 will flow and migrate within the shallow subsurface following its arrival from a deep leaking geologic carbon sequestration site through a leakage pathway such as an abandoned well, fault, or fracture zone (e.g., Oldenburg et al., 2010a) . Table 1 provides properties of the system, and Figure 4 shows the input file. Figure 5 shows excerpts from the EOS7CA output file for this run. days, the region of CO 2 flux out the ground surface extends to more than 3 m from the trace of the well. Note the high mass fractions of CO 2 in the gas phase (nearly pure CO 2 ) consistent with prior results of leakage and seepage modeling (Oldenburg and Unger, 2003) , and high soil-gas concentration gradient near the ground surface. Equal to relative permeability 1 Pruess et al. (1999; 2011) 2  is m in van Genuchten (1980) . simple soil for shallow CO2 release by perforated pipe. 9.8066
1.e-5 1.000000E+05 0.000000E+00 0.000000E+00 0.000000E+00 1.050000E+01
1.500000E+01
0.0000E+000.0000E+000.0000E+000.0000E+000.0000E+000.0000E+00 0.0000E+000.0000E+000.0000E+000.0000E+00 0.0000E+00 0.3303E+060.2220E+030.0000E+000.0000E+00 0.1000E-07
1.000E-05 1.000E-10 1.000E-05 1.000E-10 1.000E-05 1.000E-10 1.000E-05 1.000E-10 1.000E-05 1.000E-10 Rev. 1.0
Final Notes
Summary of important points to remember in using EOS7CA:
• Users should have access to the TOUGH2 User's Guide (Pruess et al., 2011) for supplementary general TOUGH2 information.
• NKIN controls the type of INCON file or block to be read from. For NKIN = NK, the INCON file is expected to be in the EOS7CA format with up to six primary variables. For NKIN = 2 or 3, the INCON is expected to be in standard EOS7 format with up to four primary variables.
• MOP(20) selects whether to reset variables to ensure that negative mass fractions do not occur (see p. 20 of this report for details).
• The SELEC parameters IE(14), IE(15), and IE(16) control the enthalpy calculation, the equation of state, and the choice of NCG, respectively.
• Although the gas mixture densities are very accurate in EOS7CA, no effects of dissolved gas components on liquid density are included.
• The intended application area of EOS7CA is shallow (e.g., vadose zone) flow of NCG (CO 2 , N 2 , or CH 4 ) with a gas tracer, air, and water vapor. The part of the gas phase that is not made up of NCG, tracer, and water vapor is assumed to be air.
• If molecular diffusivity is input as a negative number, the absolute value of this number is used for the phase molecular diffusivity without modification by S and  (saturation and tortuosity) and without pressure or temperature effects.
• Pressure (P) affects gas diffusivity by the factor 1.0  10 5 /P (Pruess et al., 2011) .
For example, if pressure is 2.0  10 5 Pa, the effective molecular diffusivity for the
